Major species production rales from burning polyethylene. poly(methyl methacrylale). and ponderosa pine were measured In a two layercompartment fire environment. Production rates werefound lo becorrelated bythe fuello oxygen ratio. where thefuel supply rale Is thefuel volatilization rale and the oxygen sllPply rale is the entrainment rate of oxygen between the fuel surfaceand thehoVcold layer Interface. The results ere slmiler to previous results withsimple gaseous and evaporating liquids end support theobservation that carbon monoxide production under fuel richconditions Is grealer for oxygenated hydrocarbons than hydrocarbons.
INTRODUCTION
Investigations over the past twenty years have demonstraled that restrlcledvenlllation canincrease the production of carbon monoxide by anorderof magnitude or more! [1] [2] [3] [4] [5] [6] . This canhave significant effects onthe extent to which toxic products will cause otherareas ofthebuilding lo become untenable. Arecent investigation !7] showed that theproduction rate of major chemical species per unit massof fuel ina twolayer environment canbeexpressed as a function of the fuel to oxygen ratio. where the fuel supply rate is the generation rale of fuel volatiles and theoxygen supply rate is theoxygen entrained intothe flame between thefuel surfaceand thehoVcold layerinterface. Fuels used intheInvestigation weregaseous and liquid fuels. and the correlations appeared insensitive to the thermo-fluidic details of theflame. The production of carbon monoxide under fuel richconditions wasfound to bea strong function of thethefuel chemical structure withthe results following thegeneral ranking: oxygenated hydrocarbons> hydrocarbons> aromatic hydrocarbons.
In thiswork themethods developed for determining themajorchemical species production rates under restrictedventilation conditions In a twolayerenvironment using gaseous and liquid fuels were used to stUdy solid fuels ofdirectlnlerest infires inbuildings. Experiments wereperformed using polyethylene. poly(methyl methacrylate), and ponderosa pine. Where available, thepresentresults are compared witheXisting data.
EXPERIMENTAL APPARATUS and PROCEDURES
The apparatus used intheseexperiments included thehood sysleminwhich thehotgaslayer wasformed, the load cell system. and thegessampling and analysis system. The hood systemincluded thehood inwhich the hol gas layer wasconfined, theexhausl svstem, and Instrumenlation lo controlend measure the exhausl rale. The one melerdlameler hood was construcled of sheet melaland theceiling wasmade up of 0.012m thIck ceramic fiberboard backed by 0.02Sm of ceramic fiberblanket. Flberblankel(O.025m) wasalso used lo Insulala theouler vertical surfaces of the hood. Gasas Were eXhausled around the full periphery of the hood 0.3mabove thebase of theO.48m deep hood through avertical plenum syslem. The exhausl wasmeasured usinga0.044m diameter orlflce meler with nange lapsIn the0.15m exhausl duct. Temperature at theorlnce meter Was measured by thermocouple and thepreSsure drop was measured using an electronic manomeler.
Specimen mass was measured using a waler cooled l VOT load cell separated from thespecimen by several layersof lowdensity Insulation. Mass lossrate wasdelermlned numerically and the average mass loss rale OVer the steady burning period wasused In theanalysis. The load cell and specimen werepositioned on thecenlerllne of the hood and weremounlad on apIston assembly to allowvertical positioning relative lo thehood.
Hood exhaust gases weresampled at the ortncs meler to Insure a well mIxed sample. Measurements of chemIcal composition at thehood sxit indicated that nomesurable chemical reactions occurred in the exhaust syslem. Partlculales weretrapped Immediately upon sampling and thesample gas was transported lo thegas analyzers via O.6cm 0.0. Impolene tubing malnlalned at or above 70·C.
The gas sample stream wasanalyzed using continuous analyzers for oxygan (polaragraphlc.Beckman OM-II). carbon monoxide and dioxide (nondlsperslve IRabsorption. InfraredIndustries 702). lotal hydrocerbons(THC) (name Ionization deleclor(FIO),~/He carrier gas, Shimazdu). and waler (dew point hygrometer. General Eastern 1200APS). Hydrogen wasanalyZed by gas chromalography. Flows lo the oxygen. carbon monoxide/dioxide. and hydrogen analyzers werepassed through a -S'C cold trap and theresulting measurements werecorrected for the volume of walar removed(no correction for trapped hydrocarbons was made). Flows lo the waler and lolal hydrocarbon analyzers weremainlalned at or above 70'C and nocorrections wererequired. The lolal hydrocarbon data was Interpreted asCH 2. AnH/C ratio of lwo was assumed Inorder to represent general hydrocarbons.
The operation of theapparatus Involved threebasic parameters which were controlled by theexperimenter: thevertical position of thespecimen. the specImen surface area. and thehood exhaust rate. Generally. thelast two werechosen and thevertical position of thespeciman was set sothat thelayer/air Interface was below the exhaust lip and above thebase of the hood. The layer Inlerface wasmalnlalned 10-IScm above thebase of the hood. In this way all gases leaving thelayer wereconlalned in theexhaust now and no additional ambient gases wereconlalned In theexhaust now.
Experiments wereperformed usIng 0.025m thicklow density polyethylene(LDPE) In0.2, 0.23. 0.255m diameler pans. Afler Ignition thepolyethylene burned slowly unlilthe whole specimen had melted. The burning rate then increased lo a steady rate. Poly(methyl methacrylate) (PMMA) wasobtained as0.025m thick slab stock end wasburned with fuel surface areas of 0.023-Q.06Im 2• Ponderosa pine wasburned in cribs designed lo befuel surface controlled In open burning. Each of thethreeto nve layerswasmade upof three. 0.036m thick.0.2mlong sticks. All fuels wereIgnited using a propane lorch.
CORRElATlON CONCEPTS
The mass production rate of a species I per unit mass of fuelvolatilized is known asthemass yield. Vi' If thechemical composition of the fuel volatiles Is known. theyieldcan benormalized by themaximum possible mass production rate of species I per unit mass of fuelvolallles.k I' This Is known as thenormalized yieldof species I. fl' As thechemical composition of thefuelvolatiles is not generally known for solid fuels. especially those that Table 1. char. the presenl results willbepresented Inlerms of massyields. The yield of oxygen refers lo the consumpllon rather thanlha producllon of oxygen.
Inlwo layer comparlmenl fire envlronmenls the chemical species yields will bea funcllon of the massfuel lo oxygen rallo. (FlO) . wherethe fuel supply rale is the fuel volalllizalion rale and the oxygen supply rale is the rale of oxygen enlralnmenl belween the fuel surfaceand thehoUcold layer Inlerface. This cenbe normalized by the sloichlomelric fuello oxyegn rallo. --·06 These relationships provide a good first estimateof the production rate of carbon dioxide. water. total hydrocerbons. and consumption of oxygen. To within the approximation that the heat of reactionof oxygen Is a constant. the oxygen normalized yieldis alsothe combustion efficiency.
RESULTS AND DISCUSSION
Major speciesresults for low density polyethylene. poly(methyl methacrylate). and ponderosa pine are shown inFigures 1-3. The yieldrelations of Equation 1 are alsoplotted using constants given in Table I pine volallles weredetermined from the low fuel to oxygen ratio yields of carbon dioxide, water. and oxygen. The empirical chemical formuhl chosen was that formula which reasonably represented all three yields simultaneously, butno formal fitting procedure wasemployed.
.
The results for all threesolid fuels eXhibit thesame qualltlatlve featurespreviously observed with gaseous and liquid fuels. Inparticular the carbon dioxide, water. and oxygen generally follow the simple relations ofEquation 1with carbon dioxide deviating to enextentconsistent with theproduction of carbon monoxide and soot.Aspreviously observed for other fuels. thewater yield remains at thelow equivalence ratio yield quite near thestoichiometric fuel to oxygen rauo. In general the totelhydrocarbon yields at high fuel to oxygen rallosare less than expected onthe basisofEquation I. For oxygenated fuels thishaspreviously been observed and is due to thereduced cesponse of flame ionization detectors f.o oxygenated hydrocabons [7) . Further. using CH 2 as a formula for oxygenated hydrocarbons alsounderestimates themassproduction rate. However. the totelhydrocarbon yields at high fuel to oxygen rsuos for polyethylene are lower than expected onthe basisof previous work. This may result from condensat.ion ofhigh molecular weight oligomeric products of thermal decomposition of polyethylene. The results of thepresent solidfuel date and previous gas and liquidfuel dataare summarized In Table 2 .The present dateare consistent with theprevious observation of higher normalized carbon monoxide yieldsfor oxygenated hydrocarbon fuels than hydrocarbon fuels. However. thecarbon monoxide yield for ponderosa pine Is lessthan expected based onIls high O/C ratio. This probably results from thehighwater contenl of thevolatiles which contribules lo theO/C ratio. but does notcontribute to carbon monoxide production. While some relation exists between O/C and H/C ratios and carbon monoxide yields. thechemical structure of thefuelvolatiles must beconsidered in order to explain thecarbon monoxide yieldsobserved.
COMPARISON WITH COMPARTMENT FIRE DATA
Of the fuelsused In thepresent Investigation, compartment fire date Including fuelmass lossrate and species concentration measurements appear to exist only for wood. Tewarson(9) hasrecentlyreviewed and analyzed the existing woOd date. Hisanalysis ledhimto theconclusion that at least threemechanisms of thermal decomposition wererequired to explain themass yieldof carbon monoxide as a function of theequivalence ratio. His analysis of thedata ledto calculated carbon monoxIde yieldsof upto 0.6gms/gm of fuelvolatilized. over four timesthemaximum observed in this study. [12) . such a plot for Gross and Roberlson's small enclosure data Is shown in Figure 4 . All the datawith mass carbon .,
FLAME VOLUME I ENCLOSURE VOLUME (6)were made withuncooled probes, Ills nonetheless Inlerestlng lo examine the relationship belween thecarbon monoxide yield and theresidence timeof thegasesInthecompartment. Takeda and Akita! 13)have proposed thal reductions Inhealrelease within a compartmenl due lo unmlxedness of fuel and oxygen may bedescribed bya combustion efficiency, u, given by where lres is a residence time, end lmlx is a required mixing timefor combustion. Motivaled by thisstirred reaclor lypeexpression, Il is proposed thal theeffeclof limited residence time Inthe compartmenl on carbon monoxide yield cenbeexpressed as (2) where Veo("') Is the carbon monoxide yield uneffecled by IImlled residence time, lres Is theresidence time given by the volume of the enclosure divided bythevolume exhasul rate, and lmix Is a yello bedefined mixing time. While the definition of the residence time used here Is dlfferenlthan thal used by Takeda and Akita. Figure 6 Is dlrecl chemical evidence of the effect of residence time onchemical species yields. Thedetermined mixing time of 4.5 seconds should beconsidered as indicative of the orderof magnllude of the required mixing time. rather than a quantitative determination. given thaassumptions required for Its detarmlnatlon and the quality of theoriginal data.
Il is of Inlerestlo nota thalal1the fuel rich carbon monoxide yields determined from the dataofReferences 1.3. and 6 are correlated bya plotofcarbon monoxide yield as a function of the residence time. However. under fuel leanconditions the carbon monoxide yields show nocorrelation with residence time. Further. for fuel rich conditions the requirement thal the flame volume be less than 16.5~of the enclosure volume Is essentially equivalentlo requiring the residence time to be greater than 7.5 seconds. Forfuel leanconditions. requiring a residence time greater than 7.5 seconds excludes datawhich Is notrejecledby thevolume ratio requirement of 16.5111. This Indicates thalthe effecl of residence timeonproducl yieldsand combustion efficiency is differenl under fuel lean andfuel rich conditions. This resuilis notinaccordance withthe model of Takeda andAkita. but muslbe regarded as somewhal speculative given the quality of the datainReferences 1.3. and 6 for presenl purposes. It Is signlflcantto note that Takeda and Akita presented nochemical evidence for their model. Rather. lhey depended upon theresults of calculations of thevolalillzatlon rate using a model incorporating their combustion efficiency expression to validate their model.
The force responsible for mixing inthe hot layer Is characlerlzed by the momentum of the plume flow as Is enlers the hotlayer• if all themomentum of the plume flow is dissipated within the comparlment. The intensity of mixing processes in the layer under geometrically similar conditions Is expected to be proportional to the rallo of the momenlum flux to the massflux as the fleme enters the layer(the ratio of the force dissipated to themassof gases involved). This ratio is simply themasseveraged flame vasvelocity. According to the dataand analysis of Cox and Chitty! 14) . the masseveraged veolclty increases as Z /2 in thecontinuous flaming region of open flames and becomes constant in the Intermittent region. Under fuel rich conditions the layer interfaceis always inthe continuously flaming region of the flame. As the required mixing time is expected lo vary Inversely with lhe mixing Intensity. this Indicates that therequired mixing limewill begreatest under fuel rich conditions. Both the required mixing timeand the fraction of fuel notburned inthe plume will decrease as the fuel to oxygen ratio decreases.
The Z1/2 dependence of the massaveraged velocity alsoIndicates that the reqUired mixing time may decreasewithincreasing compartment scaleunder fuel richconditions. However. fuel sourcesize effectswere not included In the analysis! 14)and such effecls may have equally strongscale effects. Scale effectscannot be examined using existing dataas there are virtually nofuel rich. low residence time data available at largescale. This strongbiasof low residence timesfor small comparlments results fromthe use of very largecribs In small comparlments to Increase thesteadyburning period. The small scaledataof Croce!6] suffers least from this tendency due to the useof Froude modeling concepts Inexperiment scaling.
Forthe purposes of toxic products producllon and transport. restricted compartment residence limeresults are notof dlrecl relevance. as reaction will continue oulside the compartmenlln regions which will beuntenable on a thermal basisalone. Thal is to say a flame will exlend from the the comparlment vent under theseconditions. The efficiency of the exlernal flame indestroying toxic producls then becomes a relevanl consideration. If the air used for this combustion is unvltlated. It may be reasonable to expect the combustion to beessentially as efflcienl as burning in theopen. However. this remains lo beshown.
CONCLUSIONS
Major species production rates measured for polyethylene. poly(methyl methacrylate). and ponderosa pine as a function of the fuel tooxygen ratio are qualltlatlvely similarto that previously measured for simple gaseous and evaporating liquid fuels. The normalized carbon monoxide yield results supporlthe observation that oxygenated hydrocarbons produce carbon monoxide more efficiently than hydrocarbons under fuel richconditions.
Ilis notnecessaryto postulate multiple thermal decomposition mechanisms to explain the carbon monoxide yield of wood as suggested by Tewarson(9) . The carbon monoxide yield Is qualitatively similar tosimple gaseous and evaporating liquid fuels. Previous measurements indicating carbon monoxide yieldsas much as four times greater than thepresenldatawere therasull of sampling within the reaction zone. Such measurements cannolbe used directlyInthe predlcllon of the production and spreadof toxic products within a building.
